This study considers the timing of environmental policies with a consumer-friendly firm having abatement technology, and compares two market-based regulations: tradable permits and emission tax regulations. When the government can credibly commit its policy, we show that the equilibrium outcomes under both policies are equivalent in terms of permits price and tax rate. Under the non-committed policy, however, the equivalence breaks down because firms have different incentives to induce timeconsistent policy to be adjusted ex post. In particular, compared to pre-committed government, firms abate less emission to induce higher emission quotas under the permits policy while a consumer-friendly firm abates more emissions to reduce tax rate under the tax policy. Finally, we show that tax policy can induce higher welfare and lower environmental damage when the concern on consumer surplus is moderate.
Introduction
During the last generation, the waves of market-based environmental protection have been salient features of economic policies in polluting industries around the world. In light of the increasing importance of such environmental policy, the government has continuously conducted various environmental regulation by using emission standards, quotas, subsidies, taxes and tradable permits. In particular, the 5 widespread acceptance of permits trading program generates an interesting debate among researchers on the efficiency of environmental and climate change policy.
1 Many economists have shown that 1 Kato (2006) introduced some useful real-world discussions on the tradable emission permits as climate change policy instrument in the United Nations. Since the United States implemented permits trading system experimentally in 1980s, many countries including the European Union and China introduced this program gradually during the last decade.
Nowadays, it becomes a successful international experiment for controlling a large amount of greenhouse gases in the ex post government objective function differs from the ex-ante. Thus, such policies which require firms to invest may be subject to a time-inconsistency problem. It resembles a hold-up problem, caused by the strategic behavior of firms. Therefore, if the government cannot react to the firm's abatement 35 activities, the equivalence of both policies might break down. This suggests that the ability of credible commitment to an environmental policy in the policy-making process has significant implications to support the equivalence between the two policies associated with a committed policy.
In the previous literature of environmental economics, Denicolò (1999) , Gersbach and Glazer (1999) , Requate and Unold (2003) investigated the commitment problem when the regulator is not able to com-40 mit credibly to permits policy and shed light on the ex ante and ex post welfare effects of strategic behaviors of the regulated firms. Xepapadeas (1999, 2001) and Poyago-Theotoky and Teerasuwannajak (2002) pointed out the time-inconsistency problem under emission tax policy and showed that if the regulator cannot commit credibly to the stringency of the tax, firms have strategic incentives because the regulator has an ex-post possibility to ratchet up regulation. D'Amato and Di-45 jkstra (2015) also examined environmental technology adoption with/without long-term commitment in which the government ex-ante commits a tax rate before the innovation takes place or adjusts an ex-post tax rate after the firms invest. 5 Regarding the strategic choices in a dynamic setting with comparison between taxes (price regulation) and permits (quantity regulation), Montero (2011 ), Wirl (2014 and Moner-Colonques and Rubio (2015) examined firm's innovation incentives when the govern-50 ment has time-consistent temptations to revise its policy design after innovation and showed that the performance of two policy instruments differ.
The present paper adopts the recent analysis of the comparison between the two market-based environmental policies, tradable permits and emission tax policies, in a mixed duopoly with a consumerfriendly firm in order to examine the efficiency between committed ex-ante policy and non-committed 55 ex-post policy. As a closely related work, Moner-Colonques and Rubio (2015) examined the timing of the environmental policy in a private duopoly model where both firms have the same profit functions, and showed that the welfare results between emission standard and emission tax depend on the efficiency of abatement technology. However, our analysis considers a mixed duopoly model where both firms have asymmetric payoff functions, and examines trading emission permits policy rather than non-tradable 60 emission permits policy. Hence, these two differences lead to different policy implications.
Under the committed policy, we show that the equilibrium outcomes under both policies are equivalent in terms of permit price and tax rate. We also show that both permits price and tax increase as 5 Recent analysis of the timing of ex-post tax policies in mixed oligopolies can be found in Xu et al. (2017 ), Hsu et al. (2017 ), Lian et al. (2018 , Leal et al. (2018) and Lee et al. (2018) .
the concern on consumer surplus rises because higher productions from the larger concern on consumer surplus cause higher total emissions. Further, we show that both firms can earn higher profits with permits rather than a tax, but the profit of a consumer-friendly firm is always larger than rival's profit irrespective of policy instruments. However, both welfare and environmental damage are simultaneously decreasing or increasing depending on the degree of consumer-friendliness. Thus, higher asymmetry between the firms might result in the welfare loss, which can outweigh the gains obtained from the environmental regulation. This result represents a typical trade-off between welfare and environmental 70 damage under the committed policy regime.
We also compare permits and tax policies under the non-committed policy and show that some results under the committed policy still hold. However, we also find several different results in which the equivalence breaks down.
First, both market price of permits and tax rate increase as the concern on consumer surplus rises 75 but permits price is always higher than the tax rate. This is because firms have different incentives to induce ex-post time-consistent policy under the non-committed policy. In particular, compared to the outcomes under the committed policy, both firms reduce abatement levels under the permits policy to increase their emission quotas unless the concern is too large while a consumer-friendly firm increases its abatement levels under the tax policy to reduce tax rate unless the concern is too small. Thus, the 80 significance of strategic incentives of the firms affect the equivalence properties of both policies.
Second, the abatement activities and emissions of a consumer-friendly firm are always larger than those of a for-profit firm, but its relative amounts depend on the concern on consumer surplus and policy instruments. In particular, both firms' abatement activities under permits are always lower than tax, and thus, total emissions under permits might be more significant than those under tax when the 85 consumer-friendliness is high.
Finally, under both policies, it is possible that welfare increases but environmental damage decreases when the consumer-friendliness is not too large. This result sharply contrasts to the result under the committed policy. Furthermore, under the non-committed policy, tax policy induces higher welfare and lower environmental damage than permits policy when the consumer-friendliness is moderate.
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Therefore, due to the larger time-consistent distortion of abatement activities with permits policy, tax can be a better policy than permits in the presence of a consumer-friendly firm.
The remainder of this paper is organized as follows. In section 2, we formulate a Cournot duopoly model with a consumer-friendly firm having abatement technology. We analyze tradable permits and tax, respectively, in section 3 and 4. Finally, section 5 compares the results 5 and provide main finings.
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Section 6 concludes the paper.
Model
We consider a quantity-setting Cournot duopoly model. 6 One of the firms is a consumer-friendly (CF) firm (hereafter referred to as firm 0) that cares for not only its profits but consumers surplus. The other is a for-profit (FP) firm (hereafter referred to as firm 1) that maximizes its profits only. Firms sell follows:
The parameter θ ∈ [0, 1] measures the degree of concern on consumer surplus that the CF firm has, as 115 a CSR-initiative, which is exogenously given.
The extent of environmental damage due to pollution by the industry is given by ED = ( i ei)
Note that total environmental damage under permits policy with an emission quota E i to each firm
. Then, the social welfare is the sum of consumer surplus (CS), the profits of both firms (π 0 + π 1 ) and the total taxes collected by the government (T) minus environmental damage (ED):
where T = 0 if the government implements a tradable permits policy.
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We shall consider two alternative policy regimes, each featuring a three-stage game between a welfare maximizing regulator and two firms with different objectives. Both policies are analyzed in the context of committed or non-committed policy. In the committed policy, the regulator sets the 120 environmental instrument value such as emission quotas or tax, depending on policy implemented.
Taking the instrument value as given, the firms choose investment in abatement effort simultaneously and independently. In the non-committed policy, firms first select its abatement level, simultaneously and independently, and then the regulator sets the emission quotas or tax. Finally, the firms select output in the third stage.
Committed policy

Tradable emission permits
In the third stage firms 0 and 1 choose their outputs to maximize (3) and (1), respectively. By solving these problems the equilibrium output as a function of the permit price, λ, is obtained:
Note that each firm's output decreases in the permit price. Also if the concern on consumer surplus rises, the CF firm is more aggressive and thus increases its output while the FP firm decreases the output. However, the total outputs increases.
130
In the second stage, firms choose abatement efforts to maximize their payoffs. Firm 0 chooses z 0 that maximizes (3) while firm 1 chooses z 1 that maximizes (1). Solving these problems gives the equilibrium abatement level as a function of the permit price:
that defines a positive relationship between abatement and the permit price. It simply states that tradable emission permits make the firm's marginal cost in abatement equal to the permit price.
Substituting (5) and (6) into the total net demand of the emission quota, where
One can easily check a negative relationship that the market price of permits is higher if the regulator reduces the emission quota of firm i, i.e., ∂λ ∂Ei < 0.
Substituting (7) into (5) and (6), we obtain outputs and abatement levels as functions of the emission quotas. In this stage the regulator assigns the emission quota to each firm that maximizes social welfare, given by expression (4). This maximization yields the following condition:
where the first term on the left-hand side measures the increase in consumer surplus coming from the 135 increase in total market outputs when the regulator raises the emission quotas. The second term stands for the increase in production cost coming from the increase in each firm's output, and the third term stands for the decrease in abatement cost from the decrease in each firm's abatement effort, respectively, when the regulator raises the emission quotas. The right-hand side implies the increase in environmental damages coming from increase in emission quotas.
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From (8), we obtain the total emission quota
where H = 909 − 306θ + 29θ 2 > 0. When the government sets a non-discriminatory equal emission quota, we have:
We employ superscript tpc to denote the equilibrium under the tradable permits policy with the commitment. Then, we have
. It states that the relationship between the regulator's optimal emission quota and the concern on consumer surplus is non-monotonic. When the concern on consumer surplus is low, the optimal emission quota increases with the concern. However, when the concern on consumer surplus is increased past a certain level, the optimal emission quota begins decreasing with 145 the concern.
From (10) the equilibrium permit price, output, abatement levels and emissions are obtained:
In equilibrium under the committed permits policy, the output of CF firm is larger than that of FP firm, but both firms make the same abatement effort; therefore the CF firm's emission level is also larger than its rival's. Note that 11 In Appendix C, we examine the case where the government sets a discriminatory emission quota under the committed policy and show that our analysis remains except the firms' profits. In reality, however, the information burden is quite demanding for a discriminatory quotas system and also politically it might be very costly to manage the discriminatory regulation especially under the large number of interest groups. Regarding the informational asymmetry between the government and firms, Lee (1996) proposed an optional permits regulation while Lee and Kim (1995) and Lee and Kim (2000) analyzed non-linear emission tax regulations.
Finally, we have the resulting profits of the firms, environmental damage and social welfare:
It states that the profit of CF firm is always larger than that of FP firm in equilibrium under the committed permits policy. This is because the CF firm is more aggressive in production to increase consumer surplus, which induces less production of FP firm but more production in total outputs. 
It states that both welfare and environmental damage are increasing in θ unless θ is so high. This result implies that higher degree of θ might deteriorate the welfare because of excessive production.
This is because trading of emission permits induces excessive output redistribution from the FP firm to CF firm in controlling emissions. Thus, higher asymmetry between the firms results in the inefficiency,
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which can outweigh the gains obtained from the environmental regulation. 13 It also states that both welfare and environmental damage are simultaneously decreasing or increasing depending on the values of θ. This result represents a typical trade off between welfare and environmental damage in the literature.
Emission tax 165
In the third stage, firms choose their outputs to maximize their payoffs in (3) and (2), respectively.
Given the emission tax rate, t, the first-order conditions get the following equilibrium output level of each firm and total outputs:
Note that each firm's output coincides with that under permits policy in (5) if t = λ.
In the second stage, firms choose abatement efforts to maximize their payoffs in (3) and (2), respectively. The first-order conditions give the equilibrium abatement levels as a function of the tax:
It also defines a positive relationship between abatement and the tax, which also states that emission tax make the firm's marginal cost in abatement equal to the tax rate.
In the first stage the government sets the emission tax that maximizes social welfare in (4). Solving the first-order condition yields the optimal emission tax, which is given by
where H is defined as before. We have ∂t c ∂θ > 0. Thus, the optimal tax increases as the concern on consumer surplus rises. From (11) and (15), it is easy to check that the equilibrium output, abatement 170 and emission levels, environmental damage and social welfare coincide with those of the committed permit policy. Therefore, under regulatory commitment both policy instruments are equivalent in the sense that they yield the same equilibrium outcomes.
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The profits of both firms under the committed tax regime are the followings:
We employ superscript taxc to denote the equilibrium under the tax policy with the commitment. It states that in equilibrium under the committed tax, the profit of CF firm is always larger than that of FP firm. This result is the same with that under the committed permit policy. Under the committed policy both firms can earn higher profits with permits policy. This is because 180 both firms can save tax payments under the same outcomes. It also implies that both firms prefer permits policy to tax policy when they can choose or lobby for the policy instruments.
Comparing permits and tax
14 Note that this result does not depend on θ. Moner-Colonques and Rubio (2015) examined the timing of the environmental policy in a private duopoly model with symmetric payoff functions, and showed that the equivalence between emission standard and emission tax holds irrespective of the efficiency of abatement costs and environmental damage parameter.
Non-committed policy
Tradable emission permits
The last stage is the same as in subsection 3.1. In the second stage, the regulator assigns the welfare maximizing emission quota to each firm taking as given the firms' abatement levels. Welfare defined in (4) becomes:
The first-order conditions are:
where
Solving (18) we obtain the total emission quota
Contrary to the committed policy, it defines a positive relationship between emission quotas and the 185 permits price, that is, the regulator increases the emission quota in response to an increase in the market clearing permits price.
Substituting (5) and (18) into the total net demand of the emission quota, where
Contrary to the committed policy, we have a negative relationship that permits price is higher if firm i reduces its abatement level, i.e., ∂λ ∂zi < 0 or if the concern on consumer surplus increases, i.e., ∂λ ∂θ > 0. In the first stage, firms choose their abatement efforts taking into account how the regulator is going to respond. Under the non-discriminatory emission quota, 15 where E 0 = E 1 = λ 2 , firm 0 chooses z 0 that maximizes (3) while firm 1 chooses z 1 that maximizes (1). Solving these problems yields the following equilibrium abatement levels:
15 In Appendix C, we also examine the case where the government sets a discriminatory emission quota under the non-committed policy and show that our analysis remains except the firms' profits.
where Ω = (6 − θ)R > R = 432 − 135θ + 11θ 2 > 0. We also employ superscript tpn to denote From (21), the equilibrium permit price, outputs and emission quotas are obtained:
In equilibrium under the non-committed permits policy, the output of CF firm is larger than that of FP Finally, we have the resulting profits of the firms, environmental damage and social welfare:
It states that in equilibrium under the non-committed permits policy, the profit of CF firm is always larger than that of FP firm. The economic reason is the same with the committed case where the CF firm is more aggressive in production, which induces less production of FP firm.
Proposition 6. It state that welfare decreases and environmental damage increases as the concern on consumer surplus increases when θ is large. Thus, the emergence of a consumer-friendly firm is not always desirable to both the society and environment when its concern on consumer surplus is large under the non-committed tradable permits policy. This is because higher degree of θ induces excessive production of outputs, which deteriorates the welfare, and induces large emission quotas by strategic behaviors,
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which also deteriorates environmental quality. Thus, higher asymmetry between the firms under the non-committed tradable permits policy results in the welfare loss and environmental damage. This is sharply contrast to the results in the committed policy.
Emission tax
The last stage is the same as in subsection 3.2. In the second stage, the regulator chooses the welfare maximizing emission tax taking as given the firms' abatement levels. The first order condition of this problem yields:
This expression defines a negative relationship between firms' abatement investments and the tax, that 215 is, the regulator decreases the tax rate in response to an increase in the firms' abatement levels. Thus, firms can strategically use its choice of abatement to influence taxation: by increasing investment in emission-reducing activities, the firms can expect a lower emission tax. Also as the concern on consumer surplus increases, so does the emission tax.
In the first stage, firms choose their abatement efforts taking into account how the regulator is going to respond. Firm 0 chooses z 0 that maximizes (3) while firm 1 chooses z 1 that maximizes (2). Solving these problems we derive the following optimal abatement efforts:
where D = (99 − 9θ + 2θ 2 )S > S = 4779 − 729θ + 261θ 2 − 27θ 3 + 2θ 4 > 0. We also employ superscript 220 taxn to denote the equilibrium under the tax policy with non-commitment. Then, we have that z From (25), the optimal emission tax, and the equilibrium output and emission levels are obtained:
In equilibrium under the non-committed tax, the CF firm's output and abatement levels are larger than those of the FP firm. But, we have e taxn 0 > e taxn 1
. Thus, the emissions generated by the CF firm are higher than those generated by the FP firm. Note that Also, ∂t n ∂θ > 0. Thus, the tax rate increases as θ increases. Finally, we have the resulting profits of the firms, environmental damage and social welfare:
It states that in equilibrium under the non-committed tax policy, the profit of CF firm can be larger than that of FP firm except the case when the consumer-friendliness is too high. Thus, similarly to our previous results, higher production by the CF firm leads to higher profits to the CF firm in most cases of θ. However, if the consumer-friendliness is sufficiently high, higher production induces higher tax rate, which might reduce the profits of the CF firm more than that of the FP firm. This is contrast 235 to our previous results.
Proposition 8.
It states that welfare increases but environmental damage decreases as the concern on consumer surplus increases when θ is small. Thus, the emergence of a consumer-friendly firm might be desirable 16 For the sake of expositional convenience, we provide ψ j (j = 0, 1, 2) in "Appendix A"
to both the society and environment when its concern on consumer surplus is small under the non-240 committed tax policy. This is because as θ increases, both firms not only increase outputs production but undertake more abatement activities strategically under tax policy. However, as θ is higher, excessive production of outputs deteriorates the welfare but induces large abatement activities by strategic behaviors, which improves environmental quality. This result sharply contrasts to the results under the non-committed permits policy and committed tax policy. Therefore, under the regulator's inability to commit the equivalence between the two policy instruments breaks down. 17 In particular, it states that under the non-committed policy where the time-inconsistency occurs, the optimal tax is smaller than the equilibrium permits price. Figure 1 
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shows that both permits price and tax rate increase as the concern on consumer surplus rises. It also shows that, compared to the equivalent tax rate or permits price, the tax rate becomes smaller and permits price becomes larger.
This finding also indicates that firms' strategic incentives depends not only on policy instruments but the degree of consumer-friendliness. This is because firms would expect the regulator to change its 255 17 Note that this result does not depend on θ. Moner-Colonques and Rubio (2015) also showed that the equivalence between emission standard and emission tax breaks down in a private duopoly model when the government cannot commit the policy.
policy ex post and thus they have different incentives to induce time-inconsistent policy to be adjusted ex post. In particular, compared to pre-committed government, firms abate less emission to induce higher emission quotas under the permits policy while a consumer-friendly firm abates more emissions to reduce tax rate under the tax policy. We will show these findings in the following proposition.
Proposition 10. It states that under the non-committed policy, both firms produce more outputs but more abatement investments with tax policy than permits policy. Thus, both firm's emission levels become more 265 significant under permits policy when the concern on consumer surplus is relatively high. Fig. 2 shows how both firms choose abatement levels strategically by expecting ex-post policies. In particular, under permits policy, both firms reduce abatement levels unless the concern on consumer surplus is too large, which induces ex-post permits policy with more emission quotas. Under tax policy, a consumer-friendly firm increases its abatement levels to reduce tax rate unless the concern on consumer surplus is too 270 small, which induces a higher tax rate. Thus, these opposite incentives break down the equivalence between permits and tax policies. It implies that under the non-committed policy both firms can earn higher profits with permits policy due to the strategic effects on ex-post policy. Thus, as like in the committed policy, both firms 275 still prefer permits policy to tax policy when they can choose or lobby for the policy. It also implies that irrespective of the timing of environmental policies, tradable permits policy can be an endogenous choice of rent-seeking equilibrium in a political process.
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Proposition 12. consistent distortion of abatement activities with permits policy. Therefore, from the policy perspective of both welfare and environmental quality, tax policy can be a better policy than permits policy when the concern on consumer surplus is moderate. Note that the welfare-superiority in the non-committed tax policy holds when θ = 0 where both firms have the same objectives in a duopoly market. 
Concluding remarks
290
We provided the analysis of different policy timing with respect to the two environmental regulatory measures between tradable permits and emission tax in a mixed duopoly with a consumer-friendly firm.
We examined the strategic choices on abatement technologies and showed that the equilibrium outcomes under both policies are equivalent in terms of permits price and tax rate only when the government can credibly commit its policy. Also, we showed that the profit of a consumer-friendly firm is always larger 295 than rival's profit but both firms can earn higher profits with permits.
Under the non-committed policy, however, the equivalence breaks down because firms have different incentives to induce time-inconsistent policy to be adjusted ex post. In particular, compared to precommitted government, firms abate less emission to induce higher emission quotas under the permits policy while a consumer-friendly firm abates more emissions to reduce tax rate under the tax policy.
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18 Regarding rent-seeking behaviors over tradable permits policy, Rode (2014) examined the opportunity cost for a rent-seeking lobby in EU's CO 2 ETS (Emissions Trading System). 19 In a private duopoly model Moner-Colonques and Rubio (2015) examined the time-inconsistent problem in both emission standard and emission tax policy and showed that the welfare-superiority of tax policy over emission standard depends on the relative efficiency of abatement technology.
We can summarize our findings under the non-committed policy. First, both firms' abatement activities under permits are lower than those under tax, but total emissions under tax are smaller than those under permits when the concern on consumer surplus is high enough. Second, both permits price and tax increase as the concern on consumer surplus rises, but due to the strategic incentive to increase emission quotas under the permits policy, permits price is always higher than the equivalent tax. Finally,
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tax policy induces more outputs, more abatements and less emissions than permits when the concern on consumer surplus is moderate, and thus tax is a better policy than permits in the presence of a consumer-friendly firm.
Our findings show that not only the regulator's inability to commit but the firm's CSR initiatives can play significant roles in the design and implementation of environmental policy and have detrimental 310 effects on social welfare. However, our analysis has a limitation because of the simple structure of our modelling with linear demand and quadratic cost functions. Thus, the importance of CSR should be further examined in more general settings under the alternative market structure with the efficiency parameter of abatement technology, product differentiation, dominant market power in the permits market, different timing of the game and so on. 20 This has to be left for future research.
instruments depending on the firm's objective function in a mixed market.
Appendix B.2. Non-committed policy
Under ex-post NTEP, firms choose z i before the government chooses E. Then, the social welfare is given by
In the second stage, the regulator assigns the welfare-maximizing emission quota to each firm.
Solving (B.6) yields the optimal emission quota
Finally, making use of q i = E + z i and (B.7) and inserting them into (B.1), firms chooses z i that solve the maximization problem. This yields the following optimal abatement levels:
The resulting equilibrium emission quota and welfare are:
Regarding welfare comparison between ex ante NTEP and ex post NTEP, we have:
Therefore, the welfare comparison between ex ante NTEP and ex post NTEP depends on the degree of consumer-friendliness.
Appendix C. Tradable emission permits with discriminatory quota
However, the profits of the firms can be written as follows: 2Ω 2 (C.5)
The difference between the profits of the firms under the discriminatory quota are: 
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Regarding profit's comparison between tradable emission permits with discriminatory quota and emission tax, we can draw Figure C .3. It shows that the tradable emission permit yields higher profits to both firms regardless of the degree of consumer-friendliness, if the distribution of the allowed quotas is more equitable. But, if the consumer friendliness is small, for high (small) values of α, the firm 1 (0) would obtain larger profits with the tax while the rival would obtain larger profits with the permits. Note that W tpn * is concave on α and thus it is maximized at α tpn * = . This represents that discriminatory emission quota is efficient in the presence of a consumer-friendly firm. It also implies that the regulator should allow a larger emission quota to the consumer-friendly firm and the quota should be higher for higher values of consumerfriendliness.
